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Elastic Constants of Single-Crystal Benzene* 
JAMES C. W. HESELTINE, t DONAL W. ELLIOTT,t AND o. B. WILSON, JR. 
Physics Department, U. S. Naval Postgraduate School, Monterey, California 
(Received 26 August 1963) 
The elastic coefficients of benzene are determined from sound velocities measured with the use of an 
ultrasonic pulse technique over a temperature range of 170° to 2500 K. At 2500 K the results are (in units of 
1010 dyn/cn;2): cu=?14; C22=6.56; .c33=5.83; c«=1.97; C55=3.78; C66=1.53; cI2=3.52; cI3=4.01; C23=3.90. 
The~e elastic coe~Clents generally mcrease as the temperature is lowered. The observed absorption co-
effiCIents are relatively large, thus confirming data reported by L. N. Liebermann. However. it was found 
that .the .absorption is not isotropic a~d that the absorption for shear waves is comparable with that for 
longltudmal waves. Some of the expenmental techniques used are described. 
INTRODUCTION 
THE fundamental aromatic hydrocarbon, benzene, in its solid form is considered by some to be also the 
ideal type substance of molecular crystals. Therefore, 
there may be some interest in the experimental deter-
minations of the elastic constants of this crystal. To 
date, no other determinations of these quantities have 
been reported for benzene. 
The results reported in this paper grew out of an 
investigation of the large ultrasonic absorption in cer-
tain molecular crystals. The effect in benzene was first 
reported by Liebermannl.2 and, in cyclohexane, by 
Wilson, Dowling, and Schultz3 and by Rasmussen.4.5 
Liebermannl and Rasmussen5 have discussed a possible 
mecha.nism for this large absorption which involves, 
essentIally, a disturbance of the equilibrium between 
lattice phonons and the internal molecular vibrations. 
The weak coupling between the molecules and the over-
lapping of frequencies of the phonons and some of the 
molecular vibration modes leads to a relatively long 
relaxation time and thus, to relaxation of the specific 
heat and a concomitant acoustic absorption. 
This paper presents results of a set of experiments on 
a number of single-crystal benzene specimens and their 
use in computing the elastic moduli. Absorption coeffi-
cients were measured whenever possible. Although the 
latter are not very precise nor complete, some qualita-
tive conclusions may be reached. 
CRYSTAL PROPERTIES 
The crystal structure of benzene is of the orthorhom-
bic symmetry, space group Pbca.6•7 The formulation of 
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the strain energy function for an orthorhombic crystal 
results in nine independent elastic coefficients. They 
may be arrayed, in accordance with CadyS as 
Cn C12 C13 0 0 0 
C12 C22 C23 0 0 0 
C13 C23 C33 0 0 0 
0 0 0 C44 0 0 
0 0 0 0 C55 0 
0 0 0 0 0 C66· 
Using measured values of the wave velocities of longi-
tudinal and transverse sound waves along the three 
principal axes, the six main diagonal terms of the (Cij) 
may be computed directly, as indicated in Table I. 
In order to determine the off-diagonal terms of the 
(Cij) , it is necessary to carry out acoustic velocity meas-
urements along other than the principal axes of the 
crystal. Three such directions were chosen, each perpen-
dicular to a principal axis and at 45° to the other two 
principal axes. The analysis, which used the transforma-
tion equations of Neighbours,9 produced for the three 
different orientations a set of three independent equa-
tions, each of which could be solved for one of the three 
off-diagonal coefficients in terms of the appropriate 
measured quasilongitudinal wave velocity V and the 
~ain diagonal coefficients. The resulting equation form 
IS 
C;}= {[2p V2-!(c .. +Cjj+2ckk) J2_t(Cjj-c,,)2I L ckk, 
where p is the density. The crystal orientation, meas-
ured velocities, and associated Cif related by the above 
equation are presented in Table II. The choice between 
solutions was made on the basis of the stability require-
ments for a crystal of orthorhombic symmetry.lO 
SAMPLE PREPARATION 
A clump of moderately large single crystals was grown 
from reagent grade benzene by the process of slowly 
8 w. G. Cady, Piezoelectricity (McGraw-Hill Book Company, 
Inc., New York 1946). 
8 J. R. Neighbours, J. Acoust. Soc. Am. 26, 865-869 (1954). 
10 J. R. Neighbours and G. A. Alers, J. App!. Phys. 28, 1514 
(1957) . 
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cooling the degassed liquid contained in a glass dessic-
ator jar. The larger single-crystal portions w:re remo~ed 
from the conglomeration and were then oriented usmg 
an optical method. 
The interference effects which occur when convergent 
polarized light is passed through a birefringent crystal 
along a direction near to an optic axis provided a con-
venient method for orienting the benzene single crys-
tals.ll Benzene is a positive biaxial crystal. The plane of 
the optic axes lies parallel to the a-b crystalline axes 
and the b axis is along the acute bisectrix of the optic 
axes. It was found that the use of an immersion medium, 
consisting of methyl salicylate (about 1.5 parts) and 
benzene (about 1 part), greatly facilitated the location 
of the optic axes. This mixture has a refractive index of 
about 1.52 at -lODe, which is sufficiently close to the 
lower of the principal indices of benzene that the inter-
ference pattern could be observed, even though the 
sample faces were not smooth and flat. It is also an 
almost saturated solution, so that loss of the benzene 
sample by dissolution is minimal. 
After initial approximate alignment of the hand-held 
specimen, there followed successive stages of alignment, 
using a gimbaled mechanical clamp, until the b crystal 
axis and the orientation of the optic plane were accu-
rately aligned with the optical system. This alignment 
was preserved by melting appropriate parallel faces on 
the sample, which were finally covered with glass pla~es. 
A check on alignment accuracy was made by mountmg 
the specimen on a goniometer fitted to the conoscope. 
After correction for any alignment error, the goniometer 
provided the means for setting the sample in a desired 
position for cutting (by melting) an oriented specimen 
for the acoustic measurements. 
The ultrasonic pulse technique requires that there be 
a pair of flat parallel faces for transducer mounting an~ 
reflection of echoes. Due to the fact that benzene IS 
fairly soft and that it sublimes readily, it was necessary 
TABLE I. The wave directions used and the v~locities measured 
for determining the diagonal coeffiCIents. 
Direction of 
Coefficient Direction of particle Measured 
propagation displacement velocity determined 
[l00J [100J Vaa Cl1=pVaa2 
[OlOJ Vab C66=pVab2 
[OOlJ Vae C56=P V ae2 
[OlOJ [l00J Vba C66=P Vba2 
[OlOJ Vbb C22=P Vbb2 
[OOlJ Vbc c •• =p Vbc2 
[OOlJ [l00J Vea C66=pVea2 
[OlOJ Voo c .. =p V 002 
[OOlJ Vee C33=P V ee2 
JJ N. H. Hartshorne and A. Stuart, Crystals and the Polarizing 
Microscope (Edward Arnold and Company, London 1950), 2nd 
ed. 
TABLE II. The wave directions used and the vel~cities measured 
for determining the off-diagonal coeffiCients. 
Direction cosines of 
propagation direction Related coefficients 
Measured 
m n velocity C;; eii C;; Ckk 
V1/2 V1/2 0 VI C12 Cll C22 Coo 
V1/2 0 V1/2 V2 CIa Cll C33 C66 
0 V1/2 V1/2 Va C2a C22 Ca8 C" 
to employ unusual methods for preparing and ~old.ing 
the samples for the acoustic measurements. A cyhndncal 
metal tube, about 1.5-cm long, machined so that its end 
faces were flat and parallel was used to support and 
enclose the specimen. An oriented specimen of length 
slightly greater than that of the tube, mounted on a gl~ss 
plate to preserve orientation, was formed by cuttmg 
and melting so that it could be inserted in the tube and 
frozen into place with the desired crystal axis parallel 
to the axis of the tubular holder. Grinding and polishing 
of the specimen so mounted was carried out until the 
faces were smooth, flat, and flush with the ends of the 
metal tube. In order to protect the specimen from sub-
limation, a layer of i-mil Mylar film was placed over 
the ends and clamped in place. Aluminum-coated Mylar 
at the transducer end served as a ground electrode for 
the transducer. The Mylar film was bonded to the ben-
zene using a thin layer of glycerine. 
Round X-cut and V-cut quartz plates, ! in. in diam-
eter having a fundamental resonance at 10 Mc/sec, 
wer~ used as transducers. Attachment to the aluminum-
coated Mylar was made using a thin layer of glycerine 
or grease. After attachment of the transducer, the assem-
bly was mounted in a holder which contained a spring-
loaded electrode which pressed against the transducer 
plate. A thermocouple, attached to the specimen holder 
tube permitted the measurement of sample tempera-
ture.' Temperature was controlled by varying the depth 
of immersion of a heat leak, attached to the sample 
mount in a vessel containing liquid air. A top-opening , . 
refrigerator was used to provide the cold en~lronment 
which was necessary for most of these operatIOns. 
VELOCITY MEASUREMENT APPARATUS 
The electronic apparatus used here is typical of the 
conventional ultrasonic pulse-echo technique: a pulsed 
power oscillator, a wide-band amplifier, a dual-trace 
oscilloscope and a time-mark generator. The method 
found to b~ most desirable for measuring time delay 
between echoes was similar to that described by Li tovi tz, 12 
in which a variable ultrasonic echo delay line operating 
at the same frequency is connected in parallel with the 
transducer system attached to the specimen. The delay 
line consisted of a 10-Mc/sec X-cut quartz plate 
12 T. A. Litovitz, T. Lyon, and L. Peselnick, J. Acoust. Soc. 
Am. 26, 566 (1954). 
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TABLE III. The determined values of the elastic constants, bulk modulus, and the elastic compliances for benzene at various tem-
peratures. The number of significant figures shows the internal consistency of the data and does not necessarily indicate the precision in 
absolute value.· 
T (OK) 1700 1800 1900 2000 
C11 8.01 7.81 7.59 7.35 
C22 9.26 8.95 8.69 8.44 
C33 7.88 7.60 7.33 7.06 
C44 3.18 3.04 2.92 2.78 
C55 5.53 5.31 5.08 4.85 
C66 1.95 1.89 1.83 1. 78 
C'2 3.85 3.94 3.89 3.76 
CI3 4.80 4.66 4.66 4.61 
C23 5.08 5.07 4.92 4.76 
k 5.72 5.71 5.59 5.40 
Sl1 1.94 2.07 2.21 2.35 
S22 1.65 1.84 1.90 1.95 
S33 2.44 2.66 2.85 3.05 
s •• 3.14 3.29 3.42 3.60 
S55 1.81 1.88 1.97 2.06 
S66 5.13 5.29 5.46 5.62 
S12 -0.204 -0.309 -0.313 -0.293 
S13 -1.02 -1.06 -1.20 -1.34 
S23 -0.914 -1.04 -1.08 -1.12 
• Units: cii and k, 1010 dyn!em'; Sii, 1O-11 em'!dyn. 
mounted in a liquid-filled cavity which incorporated a 
movable, flat metal reflecting face oriented parallel to 
the quartz plate. A micrometer screw permitted precise 
control of the distance between the transducer and the 
reflector, and thus, control of the time delay between 
echoes. 
In making a measurement, the transducers were con-
nected in parallel to the pulsed oscillator and the detec-
tor system so that the oscilloscope displayed echoes 
from both the specimen and the delay line. The delay 
line echoes were moved relatively to achieve coincidence 
with those from the sample. The resulting interference 
effects permitted precise adjustment. A careful calibra-
tion of the delay line and a knowledge of the sample 
length permitted a simple obvious calculation of the 
sound velocity in the specimen. 
The liquid medium used in the delay line was a mix-
ture of 100 parts of distilled water and 22 parts absolute 
ethyl alcohol by volume. Willard13 found that the sound 
velocity in ethyl alcohol-water mixtures is substantially 
independent of temperatures at about 25°C at this ratio. 
Thus, it was unnecessary to make corrections for small 
variations in room temperature. 
An important advantage of this method is evident 
when the absorption in the specimen is large: only one 
well-defined echo is necessary in order to yield reason-
ably satisfactory results. 
RESULTS FOR THE ELASTIC MODULI 
The elastic constants computed from the sound veloc-
ity measurements are presented in Table III and in the 
graph, Fig. 1. From the fundamental definition of bulk 
13 G. W. Willard, J. Acoust. Soc. Am. 19, 238 (1947). 
2100 2200 2300 2400 2500 
7.13 6.90 6.66 6.39 6.14 
8.12 7.78 7.33 6.99 6.56 
6.82 6.56 6.24 6.01 5.83 
2.63 2.49 2.32 2.14 1.97 
4.64 4.41 4.17 3.99 3.78 
1.72 1.68 1.63 1.57 1.53 
3.70 3.68 3.67 3.57 3.52 
4.53 4.43 4.41 4.22 4.01 
4.67 4.44 4.34 4.06 3.90 
5.30 5.41 5.36 4.78 4.60 
2.47 2.62 2.89 3.03 3.12 
2.07 2.15 2.38 2.44 2.67 
3.25 3.36 3.80 3.79 3.78 
3.80 4.02 4.31 4.67 5.08 
2.16 2.27 2.40 2.51 2.65 
5.81 5.95 6.13 6.36 6.55 
-0.299 -0.374 -0.404 -0.514 -0.661 
-1.43 -1.52 -1.76 -1.78 -1.70 
-1.22 -1.20 -1.37 -1.29 -1.33 
modulus,14 one may compute the bulk or compression 
modulus k which is also presented. The values of the 
elastic compliances (Sii) are also included in Table III 
since their computation is somewhat cumbersome. 
9 
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FIG. 1. Elastic moduli of benzene as a function of temperature. 
14 A. E. H. Love, Mathematical Theory of Elasticity (Dover 
Publications, Inc., New York, 1944), p. 107. 
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A value of specific volume of 0.9425 cm3/g, used in 
these computations for the temperature range 1700 to 
250oK, is based on the data summarized by Andrew 
and Eades.ls Corrections to the measured length of the 
sample were necessary to take into account the effect 
of thermal expansion of the benzene. The corrections 
were made from the data on the thermal expansion of 
benzene given by Cox7 and by Euchen and LindenbergI6 
and applied as a percentage change in the length of the 
specimen. 
Except for the case of propagation parallel to the b 
crystalline axis, the precision of alignment could not be 
checked after mounting of the sample in the holder. 
Therefore, the effect caused by misalignment error was 
not determined independently. Based on comparisons 
of velocities which determine the same elastic constant 
and on reproducibility of measurement, the following 
estimates of uncertainty in the elastic constants reported 
here are made: 
for C11, C22, c3s:-less than 2%, 
C44, C66, c66:-about 2%, 
C12, C13, C23:-UP to 10%. 
The temperature range for this experiment was 
limited at the upper end by the necessity of keeping the 
glycerine bond sufficiently rigid to provide good acoustic 
coupling between the transducer and the sample. The 
lower limit was set in order to avoid rupture of this bond 
due to differential thermal contraction. 
ACOUSTIC ABSORPTION MEASUREMENTS 
Determination of the sound absorption coefficient was 
carried out when feasible by comparing the relative am-
plitude of successive echoes. This involved superposing 
a pulse from a pulse generator on a second trace of the 
oscilloscope screen and matching pulse heights to those 
of the echoes. An attenuator in the pulse channel per-
mitted this adjustment and the reading of differences 
in pulse height to within about 1 dB. 
The results of the acoustic absorption experiments at 
the frequency of 10 Mc/sec and at a temperature of 
1& E. R. Andrew and R. G. Eades, Proc. Roy. Soc. (London) 
A218,544 (1953). 
16 A. Eucken and E. Lindenberg, Ber. Deutch. Chern. Ges. 75, 
1960 (1942). 
about -18°C indicate that the absorption coefficient 
for longitudinal waves moving along the crystalline axes 
is least (about 2 dB/cm) when propagated along the 
b axis and is greatest (about 4 dB/cm) when propaga-
tion is parallel to the C axis. The lower of these is 
comparable with values reported by Liebermann.1 •2 
Although the data for the absorption of shear waves is 
not complete, the absorption observed is of the same 
order of magnitude as that for longitudinal waves. 
DISCUSSION 
Cox and his collaborators,6.7 in discussing the crystal 
structure of benzene, show that the arrangement of 
sheets of molecules extending in the a and b directions 
leads to a looser binding in the c direction. They point 
out that the larger thermal expansion coefficient in the 
c direction is explained thereby. The results of the elastic 
constant determinations reported here are consistent 
with the interpretations from the crystal structure. 
From Table III, it is to be noted that S33>Sl1>S22 and 
SOO>S44>S66 (S33 is the reciprocal of Young's modulus for 
the c direction; S66 is the reciprocal of the shear modulus 
in the a-b plane; etc). It is thus apparent that this 
relative looseness of binding in the c direction is true 
for shear as well as extension. 
The arrangement of the benzene molecules in the unit 
cell appears to favor a coupling of rotational vibrations 
among clumps or small sheets of molecules lying in the 
a-b plane.6,7 It seems that a likely mechanism for at 
least part of the acoustic absorption process proposed 
by Liebermann1 is one involving rotational vibrations 
of the benzene molecule. However, because of the rela-
tively loose coupling between layers of such sheets, the 
disturbance to the equilibrium between rotational vibra-
tion states and the lattice vibrations might also be sen-
sitive to the direction of the particle motions associated 
with the elastic wave, which might then explain the 
observation that the absorption is dependent upon the 
direction of propagation. 
Pure shear waves propagate as equivolumnal waves 
and, to first order, at least, should therefore propagate 
isothermally. Thus, one should not expect a contribu-
tion to the absorption coefficient for shear waves from 
a mechanism involving a relaxation of the specific heat. 
It seems indicated that the sound absorbing processes 
may be more complicated than has been supposed. 
